Abstract Edible films were casted using aqueous solutions of corn distarch phosphate (CDP, 3 wt%) and corn straw cellulose (CSC, 0.5 wt%). The effects of ultrasonic, microwave and ultrasonic/microwave-assisted treatment on mechanical properties and light transmittance, as well as the water vapour permeability (WVP) of edible films, were evaluated. It was found that corn distarch phosphate/corn straw cellulose (CDP/CSC) films treated using ultrasonic waves/microwaves for a certain condition has a distinct increase in tensile strength, elongation at break and light transmittance and a drastic decrease in WVP. Moreover, scanning electron microscopy demonstrated that the surface and cross-section morphology of CDP/CSC films after ultrasonic/microwave-assisted treatment were smoother, denser and without a notable phase separation compared with control films. The results of mechanical properties and barrier properties were in agreement with the changes in molecular interactions detected by Fourier transform infrared spectroscopy and X-ray diffraction analysis. These findings indicate that ultrasonic/microwave-assisted treatment can improve the application of biodegradable films.
Introduction
Recently, natural biological materials research has gained considerable importance in the food packaging industry because the materials are non-toxic, harmless, biodegradable, and environmentally friendly (Eca et al. 2015; Espitia et al. 2014) . As a natural biopolymer, starch is supposed to be an environmentally friendly, renewable, low cost resource that is readily available (Shankar and Rhim 2016) . Starch-based films have been studied earlier, including their components, processes, equipment, and properties, and their applications have been carried out extensively; moreover, a series of progresses has been made (Jiang et al. 2016) . Edible films have to have a certain mechanical strength and the ability to control moisture, oxygen, and aroma components transferred between food and the surrounding environment (Nisa et al. 2015) . A previous study showed that fruits and vegetables are packaged by using edible films, with the quality of the final product quality being improved and shelf life being extended, providing convenience to consumers for consumption (Lago-Vanzela et al. 2013; Sousa et al. 2016) . However, the physical properties of starch are worse than those of synthetic polymers, and the starch-based films have some drawbacks, such as poor barrier and stability, leading to packaged product exposure to the environment and spoilage (Kuorwel et al. 2013) . Fortunately, these properties can be improved using physical, chemical and enzyme modification methods. For instance, edible films of konjac glucomannan are treated using acid, with their water adsorption capacity and water vapour permeability being significantly increased compared with untreated ones (Cheng et al. 2007 ). Moreover, it has been reported that gamma irradiation is an efficient way to modify the properties of konjac glucomannan and chitosan blend films, the tensile strength being enhanced by 40% and the breaking elongation being enhanced by 30% (Li et al. 2011) .
Corn distarch phosphate (CDP) uses corn starch as the raw material, with phosphate groups with anionic property being introduced to the molecular structure (Li et al. 2010) . Compared with corn starch, the functional properties of this bio-polymer are obviously changed, with the positive results of this modification consisting of improved stability and transparency and reduced pasting temperature (Bidzinska et al. 2012) . CDP-based films have higher strength and toughness.
Additionally, cellulose has been added to improve the mechanical properties and barrier properties (Dias et al. 2011) . Among them, corn straw cellulose (CSC) can be widely studied because it is an abundant resource, cheap, nontoxic, and safe (Li et al. 2013) . Nevertheless, the strong intermolecular hydrogen bonds in natural cellulose make it difficult to dissolve in common solvents, and the application of cellulose for edible films is limited (Wu et al. 2016) .
Furthermore, improvement of the performance of edible film via ultrasonic treatment has been demonstrated, e.g., enhanced intermolecular forces, formation of a dense structure, elimination of air bubbles and easy vacuum degassing (Wang et al. 2014b ). Microwaves offer a fast and convenient method for heating, resulting in the breakage of hydrogen bonds and strengthening of the intermolecular crosslinking interactions (Jacquot et al. 2014) . Currently, ultrasonic/microwave-assisted treatment is widely used in the extraction and synthesis of components, the advantages of the proposed method being high extraction efficiency and solvent-free extraction (Feng et al. 2014) , and rarely used to improve the performance of protein edible film (Wang et al. 2014b ). However, the study of ultrasonic/ microwave-assisted treatment on CDP/CSC films has not been reported.
The objective of this study was to produce CDP/CSC films and study the effect of ultrasonic/microwave-assisted treatment on the properties and structure characterization. The properties included mechanical properties, light transmittance and WVP. The structure characterization, such as the surface and cross-section morphology, the existence and interaction of CDP and CSC, and the crystallization of CDP/CSC films, was analysed. Moreover, the microstructures of the films were investigated to provide deeper insight into the mechanical properties and barrier properties.
Materials and methods

Materials
CDP was purchased from Dahua Starch Co., Ltd. (Changchun, China). CSC was made in the laboratory. Carboxymethyl cellulose (CMC, 800-1200 mPa s) was obtained from Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China). Glycerol (Gly, CH 8 O 3 C 99%) was supplied by Yongda Chemical Reagent Co., Ltd. (Tianjin, China).
Preparation of CSC
Dried corn straw was crushed by using an ultra-micro pulveriser (LWF-6B1, Jinan Longwei Pharmaceutical Equipment Co., Ltd., Jinan, China), and the powder was sieved through a 300-mesh screen. 10 g corn straw powder was mixed with 200 mL distilled water at 90°C for 1 h. Furthermore, the water-soluble free samples were delignified using 5% (w/v) sodium chlorite at pH 3.0-4.0 and adjusted using 10% (w/v) glacial acetic acid solution at 80°C for 3 h. Finally, the holocellulose was extracted using 6% (w/v) sodium hydroxide at 70°C for 5 h (Li et al. 2013) . After filtration, the residues were washed to neutral, using 75% ethanol and distilled water, and freeze-dried into powder using a vacuum freeze-drying machine (LGJ-50FD, Henan Brothers Equipment Co., Ltd., Henan, China) (Moran et al. 2008 ).
Preparation of CDP/CSC films
Starch films were typically prepared by drying thin layers of cast film-forming solutions Thakhiew et al. 2014) . The casts of CDP/CSC films were prepared via a water evaporation method. The solution of CDP (3 wt%) was gelatinized at 68°C for 25 min. Furthermore, CSC (0.5 wt%), Gly (1.0%, wt%) and CMC (0.8%, wt%) were added to the CDP solution. The mixture was magnetically stirred at room temperature for 20 min, and the air bubbles in the mixture were removed by vacuum degassing (Peressini et al. 2003) . A volume of 100 mL of the CDP/CSC films solution was modified by using a microwave and ultrasonic combination reaction system (SL-SM50, Nanjing Shunliu Instruments Co., Ltd, Nanjing, China). The films were coded as MxUy. Film codes and details of the conditions of ultrasonic/microwave-assisted treatment on CDP/CSC films are shown in Table 1 . Then, the CDP/CSC films solution was poured uniformly into a square film applicator of Plexiglas (20 9 20 cm), and dried at 60°C for 5 h. The CDP/CSC films were peeled after being placed into constant temperature and humidity equipment (SPX-250, Changzhou Noki Instruments Co., Ltd, Changzhou, China) at 25 ± 1°C and 60% relative humidity for 24 h.
Thickness measurements
Thickness of CDP/CSC films were measured using digital micrometer (E0571, Endura Greenlee tools Co., Ltd, Shanghai, China) at five random points for each film. The average with an accuracy of 0.001 mm was calculated for mechanical properties and water vapor permeability.
Mechanical properties
The CDP/CSC films were cut into a rectangular shape, with a length of 70 mm and width of 25 mm. TS and EAB were used to evaluate the mechanical properties of the CDP/CSC films at 25 ± 1°C using a texture analyser (CT-3, Brookfield engineer laboratories, INC., USA). A texture analysis-dual grip assembly (TA-DGA) stainless steel fixture was used to measure force in tension mode, depicting the force-distance plot of the CDP/CSC films (Villarruel et al. 2015) . Measurement settings were target value -20 mm, target load -0.05 MPa, and test speed -0.5 mm s -1 . The fracture occurred approximately at the sample center, and an average value of at least three replicates for each film was taken. TS was calculated by dividing the maximum force by the cross sectional area of the film using Eq. (1). EAB was expressed as percentage of change in the initial length of the film between grips at break using Eq. (2) (Fan et al. 2016) .
where F is the maximum tension at break (N); B is the width of the film (mm); T is the thickness of the film (mm); D is the distance at break (mm); L is the length of the test (mm).
Light transmittance
Light transmittance of the films was measured by using a UV-Vis spectrophotometer (UV-2600, Shimadzu Suzhou Instruments Mfg. Co, Ltd). The CDP/CSC films were cut into a rectangular shape (40 mm 9 10 mm). A blank cuvette was used as the control, with the sample close to the inside of the cuvette. The light transmittance was measured at a wavelength of 550 nm.
Water vapour permeability (WVP)
Water vapour permeability (WVP, 9 10 -12 g cm -1 s -1 -Pa -1 ) tests were conducted based on the modification of ASTM standard method E96-95 using a specially designed permeation cell that was maintained at 25°C and 95% relative humidity (RH), as described in previous works (Ortega-Toro et al. 2015) . Each test cup [50 mm (diameter) 9 30 mm (depth)] was covered with a circular film sample, which was used to accomplish the test. The water vapour transmission rate (WVTR) was calculated by measuring the reduction weight of distilled water as time passed using Eq. (3), and WVP was calculated using Eq. (4) (Benbettaieb et al. 2014) .
where A is the area of the permeability cups (cm 2 ), Dm is the weight change of the permeability cups (g), t is the time (s), T is the thickness of the film sample (mm), P 1 is the water vapour pressure outside the film sample at 25°C (Pa), and P 2 is the water vapour pressure inside the film sample at 25°C (Pa).
Scanning electron microscopy (SEM)
The surface and cross-section morphology of the CDP/CSC films were observed by using a cold field emission scanning electron microscope (S-3000N, Japan Electronics Co., Ltd., Japan). The CDP/CSC films were cut into two sizes: one was square-shaped (5 mm 9 5 mm), while the other was rectangular-shaped (5 mm 9 1 mm). Samples were fixed onto different sample platforms using double-sided adhesive tape and sputtered with a thin layer of gold. Under the condition of accelerating voltage 20 kV, all samples were observed and the surface and cross-section morphology of the CDP/CSC films were photographed.
Fourier transform infrared spectroscopy analysis (FT-IR)
FT-IR spectra of the CDP/CSC films were analysed via Fourier transform infrared spectroscopy (IS50, Thermo Nicolet Corporation, American) in the range of 550-4000 cm -1 , with a resolution of 4 cm -1 and number of scans equal to 16.
X-ray diffraction (XRD)
The crystalline phases of the CDP/CSC films were recorded using an X-ray diffractometer (DX-2700 XRD, Haoyuan Instrument Co., Ltd., China) with a Cu target. All the CDP/CSC films samples were cut into 20 mm squares. Measurement settings were stepping measurement, tube voltage -40 kV, tube current -40 mA, scanning range -5°to 50°, step angle -0.020, sampling time -0.1 s.
Statistical analysis
Data of the research was reported as the mean of a triplicate. The analysis of variance (SPSS for Windows, version 19) and Duncan's multiple range tests were performed to detect significant differences in film properties. The significance level used was 0.05.
Results and discussion
Mechanical properties TS and EAB are important textural parameters for films, enabling them to maintain their integrity and withstand external stress. The effects of ultrasonic/microwave-assisted treatment on the mechanical properties of CDP/CSC films are depicted in Fig. 1 . As seen in Fig. 1 , TS and EAB of the control films were 19.75 MPa and 46.89%, respectively. The continuous increase in TS of CDP/CSC films occurred upon increasing ultrasonic power, and TS increased to a maximum (28.04 MPa) at ultrasonic power of 720 W. Compared with control films, there was about 41.97% enhancement in TS value. The ultrasonic treatment might lead to conformational changes, facilitating the interaction between polymers, and might be favourable to constructing more compact and tighter film. This improved film microstructure might also be an important factor for TS enhancement. Furthermore, the chain was destroyed, thus releasing amylose after ultrasonic treatment and higher amylose content in the casting solution has been shown to produce stronger films, as has been confirmed (Fan et al. 2014; Tharanathan 2003) . As can also be observed in Fig. 1b , as ultrasonic power increased, EAB increased initially before decreasing. Here, appropriate ultrasonic power could improve EAB, but too high ultrasonic power might lead to the formation of a dense mesh structure due to high intermolecular hydrogen bonds between polymers; therefore flexibility declined, which could cause a decrease in EAB (Cheng et al. 2010 ).
TS reached the maximum (33.63 MPa) at ultrasonic power of 720 W and microwave power of 150 W, which was presented in Fig. 1a . And as shown in Fig. 1b , at constant microwave power (75, 150 and 225 W), EAB of CDP/CSC films first increased and then decreased with increasing ultrasonic power. Ultrasonic power of 540 W and microwave power of 225 W resulted in the maximum EAB (80.39%) which was much higher than the value of 46.89% that control films. In previous studies, it was revealed that ultrasonic/microwave-assisted treatment could reduce particles' sizes and enlarge particles' surface areas, enhancing the interaction of particles in a matrix (de Moura et al. 2009 ). Furthermore, ultrasonic/microwave could promote the integration of blends, modify the molecular structure of the polymer network, and enhance the intermolecular force. In contrast, ultrasonic/microwave-assisted treatment could also reduce intermolecular spacing and the mobility of polymeric chains (Wang et al. 2014b) . When the microwave power was fixed at 300 W, EAB exhibited a continuous decrease with increasing ultrasonic power. This was because higher ultrasonic and microwave power could produce more heat energy, provoke structural discontinuities, and reduce cohesion forces, causing fracture of the film, resulting in decreased EAB. Similar phenomenon occurred in soy protein isolate/titanium dioxide films (Wang et al. 2014a ). Regardless, the TS and EAB of CDP/CSC films were improved significantly by the suitable ultrasonic/microwave-assisted treatment.
Light transmittance
The effects of ultrasonic/microwave-assisted treatment on the light transmittance of CDP/CSC films are shown in Fig. 2 . Light transmittance can be used to evaluate the compatibility of different polymers; the light transmittance will be reduced when the compatibility of a polymer is poor. When incident light strikes an interface, light might spread in different ways, such as through reflection, transmission, refraction, scattering or absorption (Wu et al. 2012) . As shown in Fig. 2 , the light transmittance could be improved under suitable conditions of ultrasonic power and microwave power. Under microwave power of 0 W, the light transmittance increased with increasing ultrasonic power probably because the chemical bonds in the film solution were broken by ultrasonic cavitation and the particle sizes became smaller (Cheng et al. 2010 ). Meanwhile, the mixed solutions of films were degassed under ultrasonic treatment, reducing the loss of light reflectance at the interfaces (Cai et al. 2016) . With increasing microwave power, the light transmittance increased at first and then decreased. The film solution was made more uniform via the method of appropriate microwave heating; as the surfaces of CDP/CSC films were made more uniform and smooth, light transmittance was increased. Furthermore, the compatibility of CDP and CSC was improved via ultrasonic/microwave-assisted treatment. The light transmittance of CDP/CSC films reached 66.12% under ultrasonic power of 540 W and microwave power of 225 W, which was 23.90% higher in comparison with control films. These indicated that the ultrasonic power and microwave power had a significant effect on the light transmittance, compared with the control films (p \ 0.05).
Water vapour permeability (WVP)
WVP is related to molecular aggregation structure, diffusion rate and solubility of water in the film (Nafchi et al. 2017) . As Fig. 3 shows, ultrasonic power and microwave power had a significant impact on WVP. The higher ultrasonic power and microwave power could contribute to decrease WVP of CDP/CSC films, leading to a minimum (0.6098 9 10 -12 g cm -1 s -1 Pa -1 ) at ultrasonic power of 540 W and microwave power of 300 W. This was due to the molecular aggregation structure and compactness of CDP/CSC films being improved by the ultrasonic/microwave-assisted treatment. At the same time, this suggested that the intermolecular forces of CDP were increased, the arrangement of polymers transitions from not oriented to oriented, and the molecular structure of CDP/CSC films was changed, leading to the increase of moisture barrier properties. The action site between the molecules will not continue to be exposed when the ultrasonic power and microwave power increase to a certain level, and the oriented network structure between molecules will be disrupted once again, water blocking performance of CDP/CSC films will be reduced, and WVP of CDP/CSC films will not continue to decrease.
Scanning electron microscopy (SEM)
The dispersion state of the film components and binding of the phase interface can be presented clearly via SEM (Nagarajan et al. 2015) . The surfaces of films are smooth and flat, suggesting that the compatibility of the polymer is good (Nagarajan et al. 2015) . On the contrary, spherical particles will be exposed on the surface films and the phase interface will be significant. The differences in the surface and cross-section morphology of CDP/CSC films can be observed in Fig. 4 . The results showed that the surfaces of CDP/CSC films were rough and the cross-sections of CDP/ CSC films were loose without ultrasonic and microwave treatment. The surfaces and cross-sections of CDP/CSC films treated by using only microwave or ultrasonic treatment were smooth and dense, and the effects of microwave treatment were not as good as those of ultrasonic treatment. The effect of ultrasonic/microwave-assisted treatment was the best: the surfaces of CDP/CSC films became very smooth and homogeneous, forming a compact arrangement of polymer chains, and the cross-sections of CDP/CSC films became very dense, with no obvious separation in the phase interface. This suggested that molecules between CDP and CSC form crosslinking, which was beneficial to improving the compatibility of the polymer. Similar phenomena were observed by other authors in methylcellulose/ stearic acid blending films and corn starch films (OrtegaToro et al. 2014; Zhong et al. 2015) .
Fourier transform infrared spectroscopy analysis (FT-IR)
In general, no functional group is generated or disappears when two or more materials are mixed, mainly due to the changes of non-covalent bonds or some secondary bonds Villarruel et al. 2015) . The chemical structure of CDP/CSC films investigated by using FTIR is presented in Fig. 5 . The absorption peak at 3500-3200 cm -1 was due to the stretching vibration of the O-H bond and N-H bond; the O-H absorption band is broadened and shifts to the lower absorption band via ultrasonic/microwave-assisted treatment. The absorption peaks approximately 2923 cm -1 were due to the stretching vibration of the saturated C-H bond. The absorption peak approximately 1714 cm -1 was due to the stretching vibration of the C=O bond; the absorption peak was shifted higher due to the ultrasonic/microwave-assisted treatment, with the results indicating that the force constant of the C=O bond increases and the bond length was shorter. The absorption peaks approximately 1589, 1334 and 1233 cm -1 assigned to the N-H bending (amide II) bands and C-N stretch of amide III, respectively. These data indicated that the intermolecular hydrogen bond interactions were strengthened and compatibility was improved. The absorption peak approximately 1154 cm -1 was due to the stretching vibration of the C-C bond, while the absorption peaks approximately 1073 and 994 cm -1 were due to the stretching vibration of the C-O bond, that belong to the glucosidic bond of the sugar as it has been also observed by Alarcon-Moyano et al. (2017) in edible films. In general, positions and intensities of the peak can expressed the degree of order and conformation in the system. Earlier studies demonstrated that FTIR may be used to infer crystallinity as short-range technique (Singh et al. 2009 ). Compared with the control, the absorption peak of the stretching vibration of the C=O bond and stretching vibration of the C-O bond due to ultrasonic/ microwave-assisted treatment was blue-shifted, while the peak of the O-H bond changes significantly. Likewise, small shifts in some peaks could be detected for ultrasonic/ microwave-assisted treatment films compared to the corresponding bands of the control films. These changes suggested that some changes in molecular interactions inside the starch matrix occurred, associated with the diffusion of compounds added at the interface; the results were in agreement with earlier reports (Ortega-Toro et al. 2015) . Figure 6 shows XRD spectra of the CDP/CSC films with and without ultrasonic and microwave-assisted treatment. As shown in Fig. 6 , the typical peaks of control films were at 2h of approximately 17.1°and 22.7°, and there was no strong crystalline form. These indicated that the control films were in an amorphous state and had some weak peaks of type B crystals. Sanyang et al. (2016) reported that the amylose within the starch is mainly responsible for the crystallinity of starch based films. The reason for this phenomenon might be due to water and glycerol infiltrate the interior of CDP, the establishment of stable single chain conformations helices were formed and the double helix conformations was disrupted (Zhong and Li 2014) . Ninago et al. (2015) also reported similar results regarding the effect of glycerol on the crystallinity of starch films. Furthermore, starch gelatinization and retrogradation lead to the crystalline structure is disorganized during heating, and the films presented relatively low crystallinity (Singh et al. 2009 ).
X-ray diffraction (XRD)
There was a perceptible change in the peak intensity of ultrasonic and microwave-assisted treatment films in comparison with the control films. The typical peaks of CDP/CSC films after ultrasonic and microwave-assisted treatment were shown to be at 2h of approximately 17.1°, 19.5°and 22.7°, and it was important to note that intensity of peaks is markedly enhanced. Observed changes could be explained by considering that strong intermolecular interactions between CDP and CSC were generated by ultrasonic and microwave-assisted treatment and that the individual components of the CDP/CSC films had better compatibility. Previous research has revealed that film crystallinity is highly related to chain mobility, and film properties will be improved when enhance starch solubilization and chain mobility by ultrasonic treatment (Liu and Han 2005) . Similar trends were reported by Cheng et al. (2010) for the properties of starch film when working with ultrasonic treatment. Furthermore, this suggested that high intensity ultrasonic treatment was favourable to the formation of films with excellent properties.
Conclusion
The corn distarch phosphate/corn straw cellulose (CDP/ CSC) films were prepared using ultrasonic/microwave-assisted treatment. The mechanical properties, light transmittance and water vapour permeability (WVP) of films were evaluated, which were desirable for the food industry. These properties could offer several advantages to the fresh food such as improvement in the retention of color, water and flavor components, the maintenance of quality during shipping and storage, the reduction of storage disorders and improved consumer appeal. The experiments indicated that the intensification of ultrasonic/microwave power had a significant effect on the tensile strength (TS) and elongation at break (EAB) of the resulting films as well as the microstructure. Moreover, results showed that light transmittance and water vapour permeability by ultrasonic/microwave-assisted treatment were more advantageous than the control films due to the better molecular aggregation structure and appearance.
